ABSTRACT: Lethargic crab disease (LCD) has caused extensive epizootic mortality of the mangrove land crab Ucides cordatus (Linnaeus 1763) (Brachyura: Ocypodidae) along the Brazilian coast. Direct culture of tissue samples from sick crabs and subsequent isolation and purification identified the causative agent as an Exophiala species of fungus. The histopathology of crabs with variable signs of LCD indicates that the most affected tissues are the epidermis, connective tissue, heart, hepatopancreas, nervous system, and gills. Gonads, somatic muscles, and digestive system are less affected by the fungus. The observed pathology is compatible with the clinical signs of LCD. Necrosis, tissue degeneration, and congestion of hemal sinuses and vessels are present in heavily infected organs. Nerve fibers may be compressed by accumulations of yeast-like cells. In heavy infections the tissue of gill lamellae is destroyed with subsequent dilation or compression. Cellular immune responses include hemocytic infiltration, agglutination and encapsulation, and phagocytosis. Phagocytosis of yeast-like cells is abundant in the connective tissue associated with the exoskeleton. These results indicate that LCD is the result of a systemic phaeohyphomycosis caused by a species of Exophiala. The present study also suggests that dispersal of the fungus within the crab occurs through the hemal system. 
INTRODUCTION
Lethargic crab disease (LCD) has caused extensive epizootic mortality of the mangrove land crab Ucides cordatus (Linnaeus 1763) (Brachyura: Ocypodidae) along the Brazilian coast (Boeger et al. 2005) . No similar mortalities have been reported in the scientific literature for this species elsewhere in the world. Since the disease was first reported in 1997, near the city of Goiana, State of Pernambuco, it has spread northward and southward, affecting populations of U. cordatus in the states of Ceará, Rio Grande do Norte, Paraíba, Pernambuco, Alagoas, Sergipe, Bahia, and Espírito Santo.
The ecological and economic impacts of LCD are extensive. The mangrove land crab is considered a keystone species of West Atlantic mangroves, being responsible for the consumption and subsequent degradation of more than half of the leaf litter in these environments (Schories et al. 2003) . In addition, this species represents an important fishery resource for local communities along the Brazilian coast. For instance, according to a survey of 21 fishing communities located in the region of the Caeté estuary (State of Pará, Northern Brazil), mangrove land crab is collected and sold by 42% of the households, and constitutes a main source of income for 38% of them (Glaser 2003) .
LCD can significantly reduce the commercial landings of this crab species. Reductions in fishing yields were reported as 84 and 97.6% in mangroves in Paraíba and Bahia, respectively (Nóbrega & Nishida 2003 , Schmidt 2006 . The main signs of LCD include increasingly weak motor control, particularly of pereiopods and chelae, causing lethargy and poor balance, followed by the death of the affected crab. Fishermen have reported that tetany is also observed in many crabs with LCD. During outbreaks of this disease, most dead crabs are found outside of their burrows (Schmidt 2006) .
Several potential etiological agents for LCD have been anecdotally proposed over the years, including viruses, bacteria, environmental pollution, and substances used in shrimp culture and other industries. However, the only scientific study to address the cause of LCD was reported by Boeger et al. (2005) , where evidence from a variety of sources (light and electron microscopy, behavioral tests, and molecular phylogenetics) indicated that LCD is associated with the presence of dematiaceous fungus of the family Herpothrichiellacea.
A fundamental step toward a better understanding of LCD is to describe the manifestation of the disease and the pathology caused by the agent. In this study we describe the histopathological consequences of LCD in individuals captured in the wild during outbreaks of the disease. We show that the clinical signs of LCD are closely associated with the presence of yeastlike cells and, to a minor extent, of hyphae, resulting in tissue lesions and cellular responses.
MATERIALS AND METHODS
Moribund mangrove land crabs with varying signs of LCD and apparently healthy animals were captured from the states of Sergipe and Bahia, Brazil, by professional fishermen during outbreaks of the disease in 2004 and 2005 (Table 1 ). The animals from Sergipe were immediately submitted to a test designed to evaluate their health status (Health Index). This test was performed by turning each individual crab upside down and measuring the time (in seconds) until their return to the upright position (Table 2) . If the crab was unable to recover after more than 30 s, a value of 999 s was arbitrarily assigned. The mean of 5 repetitions of this procedure was used in the establishment of the Health Index. Dead crabs were not collected.
Crabs were euthanized in iced freshwater and tissues were immediately removed and fixed in Davidson's AFA (alcohol, formalin, acetic acid) (Humason 1979) and stored in 70% ethanol. Epidermis, hepatopancreas, heart, gills, thoracic ganglion, intestine, gonads, and somatic muscle were processed for histological examination using standard protocols. Sections of 5 µm thickness were prepared using a rotary microtome (Leica RM2125RT) and stained with Harris´ haematoxylin and eosin (H & E), periodic acid Schiff (PAS), Mallory's trichrome, or Grocott's gethanamine silver (GMS) (Humason 1979) . Processed sections were examined under standard light microscopy (Olympus BX 51) and photographed with a QColor 5 digital camera. Magnification scales were added with the software Image J (Rasband 2006) .
For ultrastructural analyses, small samples of tissue (about 2 mm 3 ) were removed and fixed in 2% gluteraldehyde for 3 h and stored in a sucrose-cacodylate buffer solution (pH 7.4). Tissues were post-fixed in 2% osmium tetroxide for 4 h, washed in 0.1 M sodium cacodylate buffer, dehydrated in an ethanol series, and embedded in resin (Embed 812 ® ). Ultrathin sections (70 to 90 nm) were mounted on copper grids, stained with uranyl acetate and observed and photographed with a JEOL JEM 1200 EXII transmission electron microscope.
Samples of infected tissues of moribund crabs (heart, hepatopancreas, thoracic ganglion, and hemolymph) were inoculated in Agar-Mycosel medium (de Hoog et al. 2003 ) and incubated at 36°C for 20 d. After isolation and purification, the fungus was identified based on its macro-and microscopic morphology using light microscopy.
RESULTS
Direct culture from all sampled tissues of moribund crabs resulted in the isolation and purification of a black yeast, a species of Exophiala (Ascomycota; Pezizomycotina; Herpotrichiellaceae) (Fig. 1) (Figs. 2G & 4A) were widely distributed within the body of LCD-infected crabs, the degree of damage caused by the fungus varied according to the tissue and the fungal form present. The fungus was detected in the tissue and or the hemal lacunae of the epidermis, connective tissue, hepatopancreas, heart, thoracic ganglion and associated nerve fibers, gills, and intestine. The tissue of the gonads and the somatic musculature were apparently free of the fungus in the crabs studied. A synthesis of the pathologies associated with the general health state of the crab is presented in Table 3 .
In general, the presence of yeast-like cells was associated with more extensive lesions than those observed when hyphae are the most prevalent form in the tissue. Histopathological characterization of each examined tissue or organ is provided below.
Epidermis and connective tissue associated with the exoskeleton
Crabs with LCD showed a great accumulation of yeast-like cells in the interstitial spaces of the epidermal and connective tissues associated with the exoskeleton. Reserve-inclusion cells (RI cells) bearing a large number of yeast-like cells were abundant within the epidermis and connective tissue of moribund crabs ( Fig Table 3 represent hyaline hemocytes (hyalinocytes) due to the absence of conspicuous granules in the cytoplasm (Fig. 2C) . Except for tissue disorganization associated with the great accumulation of yeast-like cells in the intersticial spaces and hemal vessels, no other evident damage was detected in the epidermis and connective tissue.
Gills
Moribund mangrove land crabs usually displayed a great number of free yeast-like cells in all hemal lacunae of the gill lamellae and central shaft (Fig. 2E,F) . The number of large hemocytic encapsulations containing yeast-like cells ranged from none to many, observed in crabs with or without signs of LCD.
In apparently early infections, sections of gill lamellae showed large numbers of free yeast-like cells, but little tissue damage (Fig. 2E) . Epithelium, pillar cells, and hemal vessels were relatively discernible at this stage of the infection. More intense histopathologies, however, were observed in advanced infections (Fig. 2F) . Pillar cells and epithelium were destroyed, yet there was no evident damage to the central hemal vessel. Dilation and reduction of the thickness of the gill lamellae were common in these advanced stages of the disease, probably a consequence of the destruction of pillar cells. Hemal pathways were often occluded by yeast-like cells and hemocytic encapsulations.
Hepatopancreas
The intercecal hemal sinuses of sick crabs were congested by a large number of yeast-like cells found within hemocytic agglutinations or encapsulations (Fig. 2G,H) , or free in the hemal sinuses (Fig. 2H) 
Heart
The heart was extensively damaged by the fungal infection. Both hyphae (Fig. 4A ) and yeast-like cells (Fig. 4B,C) were common, either alone or concurrently, especially in sick and moribund crabs. Infection was limited to the cardiac muscle itself with peri-and epicardia showing no signs of fungal infiltrations (Fig. 4C) , even in advanced stages of LCD. Tissue disorganization ( Fig. 4A-C) and extensive necrosis associated with rupture of muscle fibers (Fig. 4C) were observed. Hemocyte infiltration (Fig. 4B,C) and hemocytic encapsulation (Fig. 4A,B) were the most commonly observed host responses in this organ. Greatest tissue damage was observed when yeast-like cells were the most abundant fungal form in the organ.
Melanized and unmelanized hemocytic encapsulations, containing yeast-like cells and hyphae, were often observed in crabs with and without signs of LCD, often in large numbers (Fig. 4B) . In many cases, especially in apparently healthy crabs, no free yeast-like cells were observed.
Thoracic ganglion
Both yeast-like cells and, less frequently, hyphae, were detected within the tissues and associated hemal sinuses of the thoracic ganglion of animals showing signs of LCD (Fig. 4D) . The greatest concentrations of yeast-like cells and hyphae were observed outside of the ganglion complex, externally to the neurilemma. The neuroglia was the most frequently infected tissue in the ganglionar system. Infiltration of hemocytes apparently follows infection of the neuroglia, but few hemocytic encapsulations were observed in this tissue. Within the ganglia and in the neurosecretory zones (Fig. 4D,F) , however, no structure associated with hemocytic response was detected.
In all tissues of the thoracic ganglion, yeast-like cells were usually found grouped, with signs of degeneration within and around the immediate vicinity of these clusters (Fig. 4F) , especially in the ganglia and neuroglia. Furthermore, yeast-like cells were often observed to obstruct the hemal sinuses surrounding the neurosecretory cells (Fig. 4D ) and within the ganglia. Yeast-like cells also accumulated in large clusters causing compression of nerve fibers (Fig. 4E) .
Other organs and tissues
No forms of the Exophiala sp. were found within ovaries or testes. In all infected crabs, yeast-like cells were present in the hemal sinuses surrounding the gonads but were never observed within these organs. Similarly, yeast-like cells were observed solely between bundles of somatic muscular fibers. Fungi were not observed embedded within the somatic muscle fibers nor was there any evidence of damage to this tissue.
Many hemocytic encapsulations with yeast-like cells were observed within the wall of the distal portion of the intestine in sick crabs. Occasionally, yeast-like cells were observed within this tissue, causing tissue necrosis. However, numerous yeast-like cells were found in the hemal sinuses around the intestinal tissue, either free or within hemocytic encapsulations. As in the hepatopancreas, no fungal cells were observed within the lumen of the intestine.
DISCUSSION
LCD is caused by a systemic phaeohyphomycosis associated with Exophiala sp., supporting preliminary identification of the causative agent as a species of black yeast (Boeger et al. 2005) . As far as we are aware, there is no similar record of mortality outbreaks of crab species in the wild caused by a species of true fungus.
No other co-occurring pathogen was consistently detected with the Exophiala sp. infection or the expression of LCD. During the examination of histological sections, we observed ciliates, rotifers and bacteria on the external surface of the gill lamellae, and digenetic trematode metacercariae encysted in the hemal sinuses of the hepatopancreas, but these were observed only sporadically. Further, besides the lack of evidence for viral infection in the histological sections, molecular diagnostic tests for a limited number of known shrimp viruses (white spot syndrome virus The pathology caused by the Exophiala sp. observed in the present study is compatible with the clinical signs of crabs with LCD. Infected crabs become increasingly lethargic as the disease progresses, resulting in the inability to feed or escape from predators PAS and H&E and fishermen. Sick crabs die quickly after being captured, usually during the transfer from the mangrove and the point of commercialization. In addition, fishermen report tetany in some crabs during outbreak events. These signs strongly suggest injury to the nervous and respiratory system, as revealed in this study. The rapid death of sick crabs, associated with capture and transport, appears to be correlated with their inability to respond adequately to corresponding stress. The obstructed hemal vessels and sinuses and the damaged heart of crabs with LCD are apparently unable to supply sufficient oxygenated hemolymph to tissues at the required rates during stress. Destruction of gill structures likely hinders gas exchange, augmenting the oxygen deficiency in these situations. Tetany is likely a consequence of the concentration of yeast-like cell clusters compressing the nerve fibers associated with the thoracic ganglion.
In nature, death of sick crabs probably occurs by an association of different factors, especially starvation, asphyxia, and cardiac failure, all consequences of the injuries caused by the fungus invading the gills, hepatopancreas, heart, and nervous system. Accordingly, the absence of RI cells in the hemal sinuses of the hepatopancreas is strong evidence for the compromised nutritional status in heavily infected crabs.
Yeast infections in crabs are uncommon. The first documented description is provided by Stentiford et al. (2003) . These authors described a co-infection of a yeastlike organism and Hematodinium sp., a parasitic dinoflagellate, in 2 species of crabs from the English Channel, Cancer pagurus Linnaeus 1758 and Necora puber (Linnaeus 1767). Since no yeast-like infection was detected in Hematodinium-free crabs, Stentiford et al. (2003) initially suggested that the fungus is 'an opportunistic pathogen, possibly exploiting the weakened immune system of the host crab.' Indeed, fungal infections are often associated with the immune depression in many groups of animals, including crabs (Welsh & Sizemore 1985 , Mydlarz et al. 2006 . Both primary pathogens and unsuitable environmental conditions are factors known to cause stress and subsequent weakening of the immune response of the host (Stentiford & Feist 2005) .
Evidence from this study suggests that the relative immune competence may vary among individual mangrove land crabs. Some individuals were apparently capable of impeding (at least temporarily) invasion and multiplication of the fungus within their tissues. Within some apparently healthy crabs, hyphae and yeast-like cells were found only within numerous hemocytic encapsulations and/or agglutinations. Seemingly, in other crabs, the rapid multiplication of fungal cells appears to overwhelm their immune response, resulting in the invasion and dispersion of the fungus with consequent establishment of the LCD. Indeed, during natural mortality events of LCD in mangrove land crabs, a percentage of animals managed to survive (Nóbrega & Nishida 2003 , Schmidt 2006 . A portion of these survivors likely represented crabs that were not exposed to the causative agent of LCD, but many may also have been capable of containing the invasion of tissues by the fungus. Differences in strength of the immunological response to the Exophiala sp. within a population of the mangrove land crab may be genetically, physiologically, and/or environmentally determined; the relative contribution of these factors requires further exploration.
RI cells of the connective tissue associated with the exoskeleton of infected crabs contained large numbers of yeast-like cells. While this could represent an infection at the cellular level by the yeast-like cells, the absence of similar or other cell types containing large amounts of yeast-like cells in other tissue examined in the present study strongly supports the suggestion of Fontaine & Lightner (1975) The large number of yeast-like cells within the hemal sinuses and vessels strongly indicates that they play an important role in the systemic dispersion of the Exophiala sp. into different tissues and organs. Yeastlike cells were found initially within the hemal spaces and vessels of each organ in apparently early infections that later invade other organs and systems (i.e. heart, nervous system, epidermis). The absence of fungal forms within the lumen of the digestive tract is not consistent with feeding as a pathway for the infection, although we cannot completely eliminate this possibility since contamination may be sporadic. We postulate that either the gills or damaged areas of the exoskeleton and of the intersegmental membranes are candidates for the site of invasion by the fungus, particularly during ecdysis, but this requires specific experimentation.
